A B S T R A C T Previous studies have demonstrated that considerable amounts of parenterally administered cardiac glycosides are excreted in the bile and reabsorbed across the intestinal mucosa in several species. It is currently believed that the more prolonged action of nonpolar digitalis glycosides is due to their retention and recycling in the enterohepatic circulation. This report describes studies carried out to evaluate the effects of pharmacologic interruption of this enterohepatic cycle with the intraluminal sequestering agent cholestyramine.
A B S T R A C T Previous studies have demonstrated that considerable amounts of parenterally administered cardiac glycosides are excreted in the bile and reabsorbed across the intestinal mucosa in several species. It is currently believed that the more prolonged action of nonpolar digitalis glycosides is due to their retention and recycling in the enterohepatic circulation. This report describes studies carried out to evaluate the effects of pharmacologic interruption of this enterohepatic cycle with the intraluminal sequestering agent cholestyramine.
Cholestyramine was found to bind substantial quantities of digitoxin-8H and digoxin-8H in vitro and this binding was only modestly inhibited by the presence of bile. Administration of cholestyramine to rats by intragastric catheter before the subcutaneous injection of the LD1oo dose of digitoxin (10 mg/kg) resulted in a 70% survival rate. Further, oral administration of cholestyramine to rats before the subcutaneous injection of digitoxin-8H resulted in accelerated fecal excretion of radioactivity and lower levels of digitoxin-3H and metabolites in brain tissue compared to controls. Similarly, pretreatment of guinea pigs with cholestyramine orally before the injection of digitoxin in dosages of 10.0 and 4.0 mg/kg resulted in a 25 and 70% survival rate respectively as compared to survival rates of 0 and 30% in control animals. Cholestyramine pretreatment of guinea pigs was also accompanied by lower levels of digitoxin-2H and metabolites in heart and liver 90 min after injection of digitoxin-3H. Cholestyramine therapy did not result in significant changes in serum potassium levels excluding the possibility that drug-induced hyperkalemia might have affected the cardiac uptake of digitoxin.
INTRODUCTION
In 1955 it was first demonstrated that digitoxin-14C was excreted into the small intestine via the biliary tract and digitoxin metabolites subsequently reabsorbed by the intestinal mucosa (1) . On the basis of these and other studies (2, 3) , it was postulated that digitalis glycosides undergo an enterohepatic circulation in which digitalis metabolites excreted in the bile are modified in the gut to yield nonpolar readily absorbed cardioactive compounds (4) . More recently Okita has suggested that the persistent and more prolonged action of nonpolar glycosides, such as digitoxin, is due to their retention and recycling in the enterohepatic circulation (4) . This is believed to be due to the greater lipid solubility of nonpolar glycosides which facilitates their reabsorption across the lipoid membrane of the intestinal mucosa and renal tubule. Theoretically it should be possible to decrease the duration of action of digitoxin by interrupting the enterohepatic cycle. This might be accomplished by either continuous aspiration of -bile secreted into the duodenum or by the binding of digitalis to an intraluminal sequestering agent such as cholestyramine.
In this investigation studies were carried out to de- termine the effect of pharmacologic interruption of the enterohepatic circulation of digitalis glycosides. The data
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The Journal of Clinical Investigation Volume 50 1971 obtained indicate that (a) cholestyramine, an anion exchange resin, binds appreciable amounts of digitoxin-3H and digoxin-8H in vitro; and (b) cholestyramine treatment of rats and guinea pigs results in accelerated fecal excretion of 'H-digitoxin and affords some degree of protection against lethal digitalis intoxication.
METHODS
Materials. Tritium-labeled digitoxin (SA 1.0 mCi/0.133 mg) and digoxin (SA 1.0 mCi/0.133 mg) were randomly labeled by catalytic exchange' and found to be greater than 98% pure by thin layer chromatography as previously described (5) . Solutions of digitoxin-3H and digoxin-3H of desired specific activity were prepared by appropriate dilution with nonlabeled digitoxin2 and digoxin.2 Digitalis glycoside solutions of 10 Ag/ml or less were prepared in aqueous media.
Glycoside solutions with a concentration greater than 10 ,ug/ml required preparation of a stock solution in absolute ethanol and dilution to desired concentration with water.' Suspensions of cholestyramine' were prepared by mixing the resin with an appropriate amount of Krebs-Ringer bicarbonate buffer or distilled water and continuously stirring on a magnetic mixer.
Measurement of radioactivity. Radioactive samples were counted in a Packard Tri-Carb scintillation spectrometer, model 3375,5 equipped with automatic external standardization. Duplicate 0.5 ml portions of liquid samples were added to 15 .0 ml of a scintillation mixture (Bray's solution) of the following composition: 120 g naphthalene, 8 g PPO (2,5-diphenyloxazole), 400 mg POPOP (1,4-bis[-2-(5-phenyloxazolyl) ]-benzene), 200 ml absolute methanol, 40 ml ethylene glycol brought to a final volume of 2000 ml with p-dioxane. Weighed tissue samples were counted by the method of Marks, Dutta, and Hoffman (6) . Enough counts were taken on each sample to assure an error less than 3%.
Biliary excretion studies. Female Wistar rats weighing 120-180 g underwent laparotomy under light ether anesthesia. Either the proximal or distal 20 cm of small intestine was isolated between double silk ligatures with care taken to preserve the blood supply. The common bile duct was ligated, partially transected, and cannulated with PE 10 polyethylene tubing. The cannula was tied in place and brought out through a stab wound in the right upper quadrant where it was fixed with a superficial ligature. Before closure of the laparotomy incision, a solution containing digitoxin-3H or digoxin-3H in a dose of 10 ,gg/2 1uCi/ml for each 100 g body weight was injected into the isolated intestinal loop. Collection of bile from the external cannula began immediately and continued while the rat was placed in a restraining cage for 24 hr. Only those preparations yielding a free flow of bile throughout the duration of the experiment were used in the final calculations. Bile was collected quantitatively in tubes kept in the dark and duplicate 0.5 ml portions assayed for radioactivity. Results are expressed as per cent of dose excreted in 4 or 24 hr.
In Vitro binding of 8H-digitalis. In vitro binding studies 'New England Nuclear Corp., Boston, Mass. ' Mann Research Labs, Inc., New York. ' The final solution was similar to the 5%o ethanol-water solution used by Saral and Spratt (19) to 50 mg/ml. Each flask was shaken in a Dubnoff metabolic incubator in room air at 23'C for 15 min. The contents of each flask were then centrifuged at 6000 g for 15 min and duplicate-0.5 ml portions of the supernatant assayed for radioactivity. By comparison of supernatant radioactivity with control flasks containing identical concentrations of digitalis-'H without cholestyramine, the per cent of available digitalis-'H bound was determined.
In preliminary studies it was determined that incubations carried out at 37'C or for 12 hr did not result in significantly different binding than under the conditions described above.
Subsequently the method described was employed for all further in vitro binding studies including an additional study in which water and rat bile were substituted for KRB.
Effect of cholestyramine on lethal digitoxin intoxication. In order to determine whether cholestyramine treatment would protect rats and guinea pigs against lethal digitalis intoxication, our initial studies were carried out in animals given lethal doses of digitoxin and no other treatment.
Digitoxin was dissolved in 40% ethanol, in order to keep the injection volume below 1.0 ml and injected subcutaneously into groups of at least 10 animals of similar age and weight at each dose level tested. Female Wistar rats weighing 140-200 g received digitoxin in doses of 7.5 mg/kg or 10.0 mg/kg subcutaneously. Rats given such toxic doses of digitoxin usually developed characteristic neuromuscular signs within 24-36 hr and died between 48 and 120 hr after injection. Accordingly, digitoxin-treated rats living for 7 days after injection were considered to be survivors. Female guinea pigs weighing 200-350 g were injected with digitoxin in doses ranging from 2.0 to 10.0 mg/kg. In contrast to rats, guinea pigs given toxic doses of digitoxin died within 45-90 min. Therefore guinea pigs living for 24 hr after injection were judged to be survivors.
All animals in the experimental groups received p.o. cholestyramine in a dosage of 80 mg/2.0 ml as a suspension through an olive-tipped catheter. One group of rats received cholestyramine 2 hr after injection of digitoxin, and three additional doses (80 mg each) at 2 hr intervals on the 1st day. Thereafter, they received cholestyramine three times daily for 5 days or until they died. A second experimental group of rats received the first dose of cholestyramine 2 hr before digitoxin, and thereafter, according to the above schedule. A third group represented additional controls and received 2 ml water on the same dosage schedule as the first cholestyramine treatment group.
The experimental design was modified in guinea pigs because of the short survival time following injection of digi-'Abbreviation used in this paper: KRB, Krebs-Ringer bicarbonate buffer.
Interruption of the Enterohepatic Cycle of Digitalis by Cholestyramine toxin in control animals. Groups of 10 guinea pigs were given 2 ml cholestyramine orally 4 and 1 hr before injection of digitoxin and received no further cholestyramine.
Fecal and urinary excretion of 'H-digitoxin and metabolites. Female Wistar rats weighing 160-220 g were housed in individual metabolic cages permitting separate and accurate collection of feces and urine. Samples were quantitatively collected in separate containers every 24 hr. 2 hr before subcutaneous injection of digitoxin-3H the animals received 2 ml water (control group) or 2 ml (80 mg) of cholestyramine suspension. Collection of specimens began with the subcutar.eous injection of digitoxin-8H in a dose of 50 /Ag (2 /LCi) per 100 g body weight. Animals then received water or cholestyramine at 2 hr intervals three times during the first 24 hr and three times daily for the next 4 days. Each daily stool specimen was homogenized in 50% ethyl alcohol with a Potter-Elvehejm teflon homogenizer, the total volume recorded, and duplicate 0.5 ml portions assayed for radioactivity. Each daily urine specimen was filtered to remove residual food particles, the residue washed three times and filtered, the filtrate pooled, and the volume recorded. Duplicate 0.5 ml portions were assayed for radioactivity. The total radioactivity per 24 hr stool or urine was calculated and the result expressed as per cent of the administered digitoxin-3H dose excreted per 24 hr. In preliminary experiments it was determined that 93-97% of digitoxin-'H added to rat feces was recovered. In further preliminary studies it was found that less than 0.5% of the tritium label from the administered digitoxin-3H dose was excreted in daily stool and urine collections after the 4th day. Subsequently, 4 day collection periods were used for all metabolic studies.
Serum and tissue levels of digitoxin-3H and metabolites.
To determine whether cholestyramine treatment affected the metabolic disposition of digitoxin, blood and tissue levels of digitoxin-3H were measured in animals given cholestyramine before the injection of digitoxin-3H. As in the toxicity studies, groups of rats received 2 ml water or cholestyramine before injection, three more doses at 2 hr intervals on the 1st day, and three times daily thereafter until sacrifice. Groups of guinea pigs received similar doses 4 hr and 1 hr before injection. In these studies, all animals were injected with digitoxin-3H subcutaneously in a dose of 50 ,tg (2.0 ,uCi) per 100 g body weight. At appropriate intervals, a laparotomy was performed under ether anesthesia and blood collected by aortic puncture. Serum was removed after centrifugation and duplicate 0.5 ml portions taken for determination of radioactivity. Tissue studies were performed in the same groups of animals following exsanguination. Rats sacrificed at 24, 48, and 72 hr were decapitated and the heart excised. The parietal and occipital bones of the skull were removed with forceps. The brain was exposed, teased free of cranial nerve and spinal cord, transferred whole to aluminum foil containers, and frozen. The heart was dissected free of noncardiac tissue, the ventricles opened and washed free of gross blood with tap water, and frozen. In guinea pigs, the heart was similarly removed and prepared. In addition, the liver was excised, washed free of gross blood, and frozen. Solid tissues were prepared for counting by thawing, gentle blotting, and weighing. Rat brain was then quartered and all pieces transferred to a counting vial containing 15 ml of Bray's solution. Rat and guinea pig hearts were weighed and similarly placed in counting vials. Approximately 500 mg of the right lobe of the guinea pig livers was excised, weighed, and added to scintillation solution.
Analysis of 3H-digitoxin and metabolites in excreta and tissues by thin-layer chromatography. Thin-layer chromatography was carried out using a modification of the method of Fauconnet and Waldesbuhl (8, 9) . 30 g of silica gel H were mixed with 73 ml of distilled water and spread on 20 X 20 cm glass plates to a thickness of 0.2 mm. Plates were activated by heating to 110'C for 1 hr. Chromatograms were run using ascending technique in a saturated chamber at 250C, with a solvent system of dichloromethane:methanol:
water (84:15:1). Highly purified samples of digitoxigenin,7 digitoxin,7 digoxigenin,7 and digoxin' were spotted on each plate as controls. The solvent front was allowed to ascend 15 cm from the starting line, which usually required 30-35 min. Plates were then removed, heated to 110'C for 5 min, and sprayed with 33% trichloroacetic acid in chloroform which also contained a few drops of 10% hydrogen peroxide. The plates were again heated at 110'C for 10 min, cooled, and examined under ultraviolet light. Using the spray reagent described and ultraviolet light, digitoxin and its derivatives fluoresce yellow-brown and digoxin and its derivatives appear pale blue (9) . Samples of the original stool homogenates suspended in a 50% ethanol-water mixture were prepared for chromatography by extraction three times with 3 volumes of chloroform. 1 mg of cold carrier digitoxin was added to each stool homogenate before extraction. The pooled extracts were dried, redissolved in 1.0 ml with chloroform, and duplicate 5.0 Al portions spotted on thin-layer chromatography plates.
Whole rat brains were homogenized with 10 volumes of chloroform, filtered through Whatman PS paper, and the residue washed three times with chloroform. The filtrates were pooled, dried, and redissolved in 1.0 ml chloroform.
Replicate 20 ILI portions of samples of brain extract were spotted and developed as described above. After the control spots of digitoxigenin, digitoxin, and digoxin, and digoxigenin and the unknown spots were identified with the spray reagent, corresponding areas of the unknown samples were quantitatively scraped from the plates into counting vials containing 15 ml of Bray's solution and assayed for radioactivity.
In addition to studies similar to those described, serum from control and cholestyramine-treated rats was collected 2, 4, 6, and 24 hr after injection of digitoxin for determination of serum electrolytes. Specimens were analyzed for sodium and potassium by flame photometry and for calcium by the method of Diehl and Ellingboe (10) . Statistical analyses were carried out using the Student t test (11) .
RESULTS
Biliary excretion of radioactivity after intraluminal injection of digitoxin-'H and digoxin-'H. The biliary excretion of the tritium label, 4 and 24 hr after injection of digitoxin-3H or digoxin-3H into either proximal or distal intestinal loops, is shown in Table I . 24 hr after administration of digitoxin-3H, 58.2 ±14.9%o (Mean ±1 SD) of the tritium label injected into proximal loops, and 41.4 ±7.3%o of the tritium injected into distal intestinal loops was excreted in the bile. Similarly, after administration of digoxin-3H 46.2 ±2.2%5 and 41.5 ±9.0% of the tritium injected into proximal and distal intestinal loops respectively, was excreted in the bile (Table I I Mean ±1 SD.
Numbers in parenthesis indicate number of animals in each group.
metabolites are excreted in the bile of the rat following absorption from either proximal or distal intestine.
In Vitro binding of digitalis-WH glycosides by cholestyramine. To determine whether significant amounts of cardiac glycosides are bound by cholestyramine, in vitro binding studies were carried out (Table II, Fig.  1 ). It can be seen that at cardiac glycoside concentrations ranging from 0.1 to 50.0 ug/ml, digitoxin was bound to a greater degree than digoxin. Binding was directly proportional to the amount of cholestyramine and inversely proportional to the amount of glycoside present for both digitoxin-8H and digoxin-5H. The concentration of cholestyramine was a more important factor in influencing digitalis glycoside binding than was the concentration of the glycoside. At high cholestyramine concentration, per cent digitalis binding was almost insensitive to variation in digitalis concentration. For example, at 40 mg per ml cholestyramine, there was only 6 and 16% maximum difference in binding of digitoxin and digoxin over a 500-fold range of glycoside concentration. Digitalis glycoside binding was found to be independent of pH with virtually identical results obtained at pH 2, 5, or 8. Additional studies were carried out to determine the effect of bile salts and other ions on the binding of cardiac glycosides (Table III) . Although a small but statistically significant difference was noted between binding of digitoxin-5H in KRB as compared to water (67.8 ±0.5% vs. 62.8 ±0.3%; P < 0.01), suspending the digitoxin and cholestyramine in bile resulted in a more Interruption of the Enterohepatic Cycle of Digitalis by Cholestyramine (Table I) , and because significant amounts of digitoxin are bound in vitro by cholestyramine (Table II, Fig. 1 ), studies were carried out to determine the effect of cholestyramine treatment on lethal digitalis intoxication in rats and guinea pigs (Table IV) . In rats receiving 10.0 mg/kg of digitoxin subcutaneously, 100% of control and water-treated rats died. By contrast, 22% of rats receiving cholestyramine after injection of digitoxin survived. More striking was the 70% survival rate in rats who received the initial dose of cholestyramine 2 hr before the LDsoo dose of digitoxin (Table IV) . The effect of cholestyramine pretreatment on digitoxin toxicity in guinea pigs also is shown in Table IV . Because of the wide dose range * Cholestyramine given in dose of 80 mg/2 ml 2 hr after injection of digitoxin and three times daily thereafter for 5 days. 4 In rats, cholestyramine was given by gavage in a dose of 80 mg/2 ml 2 hr before injection of digitoxin and three times daily thereafter for 5 days. In guinea pigs, cholestyramine was given in a dose of 80 mg/2 ml 4 hr and 1 hr before injection of digitoxin. § Numbers in parenthesis represent per cent survival.
11 This control group received water by gavage in the same dosage as the cholestyramine group. between the LDno (4.0 mg/kg) and the LDloo (10.0 mg/ kg) for digitoxin in guinea pigs, cholestyramine pretreatment was evaluated at three dose levels in this range, 4.0 mg/kg, 7.5 mg/kg, and 10.0 mg/kg. Cholestyramine administered 4 and 1 hr before injection resulted in increased survival at all three dose levels (30% vs. 70%, 20% vs. 50%, and 0 vs. 25%, respectively). These results indicate that cholestyramine administered orally prior to the parenteral injection of lethal doses of digitoxin attenuates the toxic effects and affords appreciable protection against mortality due to the glycoside. Effect of cholestyramnine on fecal and urinary excretion of digitoxin-WH. It was postulated that the protective effects of cholestyramine against lethal digitoxin intoxication might be due to accelerated excretion of digitoxin and its cardioactive metabolites resulting in reduced tissue levels in target organs. To evaluate this hypothesis the effect of cholestyramine on the fecal excretion of digitoxin-5H and metabolites was studied (Table V and Fig. 2 ). In control animals peak fecal excretion of tritium radioactivity (24.3 ±2.7%) occurred during the 2nd day after injection and over a 4 day period 52.4 ±4.8% of the dose was excreted. By contrast, in cholestyramine-treated animals peak fecal excretion occurred within 24 hr after injection, and such animals excreted significantly greater amounts on the 1st day than the controls (25.3 ±6.6% vs. 17.0 +2.5%, P < 0.025). However, at the end of the 4 day balance study, fecal excretion of tritium radioactivity was comparable in both controls and cholestyraminetreated rats (52.4 ±4.8 vs. 54.6 ±4.2%). No significant differences in urinary excretion of radioactivity were found between control and cholestyramine-treated animals (Table V) . The fecal and urinary excretion data suggest that cholestyramine accelerates fecal excretion of digitoxin-5H and metabolites.
To determine whether the tritium activity measured in the stool extracts reflected the presence of intact digitoxin-5H or its metabolites, thin layer chromatography of chloroform extracts of stool collected during the first 24 hr period was carried out (Table VI) . With chloroform extraction, 69 ±5% of the total radioactivity excreted in the stool in this period was recovered. In Table VI , it can be seen that all of the recovered CHCls soluble radioactivity migrated as digitoxin, digoxin, or their aglycones. Cholestyramine treatment resulted in significantly greater excretion of unchanged digitoxin as compared with controls (59 ±5 vs. 47 ±-3%; P <0.01). When the excretion of digitoxin and digitoxigenin is compared with the excretion of digoxin and digoxigenin in both groups it is evident that significantly more digitoxin and digitoxigenin was excreted in the stool of cholestyramine-treated animals. By contrast, less digoxin and digoxigenin was excreted Fig. 3 and 4 were carried out. Serum radioactivity at intervals from 30 min to 72 hr after injection of digitoxin-'H into control and cholestyramine-treated rats is shown in Table VII and Fig. 3 . No differences in peripheral blood radioactivity were found between control and cholestyramine-treated rats. Similarly, there were no differences in tritium levels in the heart between the two groups (Fig. 3) . Levels of radioactivity in brain were also determined 24, 48, and 72 hr after * Rats weighing 150-170 g were given cholestyramine (80 mg/2.0 ml) 2 hr before injection of 50 pg (0.5 pCi) 3H-digitoxin per 100 g body weight and three times daily thereafter for 3 days. Rats from both control and cholestyramine-treated groups were sacrificed at the time intervals shown and blood collected by aortic puncture.
T % of dose per total blood volume was calculated assuming that blood volume was 8% of body weight. § Mean ±1 SD.
injection of 'H-digitoxin into control and cholestyramine-treated rats (Fig. 4) . Importantly, brain radioactivity was significantly lower in cholestyraminetreated rats at 48 and 72 hr, as compared with controls (2680 ±450 vs. 3435 ±644 dpm/g, and 1472 ±154 vs. 1742 ±70 dpm/g; P < 0.01). To further characterize the tritium activity in the brain, an additional series of experiments was carried out in which rats received a subcutaneous injection of digitoxin-'H in a dosage of 50 ug and 5 iACi per 100 g body weight. The animals were randomized into control and cholestyraminetreated groups and sacrificed after 3 days. Characterization of brain radioactivity by thin layer chromatography revealed only one sharply circumscribed band of radioactivity and this had the mobility characteristics of digitoxigenin. Significantly greater radioactivity in this digitoxigenin fraction was present in the controls as compared to the cholestyramine-treated rats (4800 +1500 vs. 2680 ±800 dpm/g brain; P < 0.05). The low specific activity of this extract could have been responsible for failure to detect minute quantities of other 'H-labeled digitoxin metabolites. However, our finding that only digitoxigenin could be identified in rat brain is in accord with observations indicating that the presence of sugar residues on the glycoside nucleus impedes passage of the digitalis moiety into the brain (12) . Thus the radioactivity due to the highly lipid soluble digitoxigenin seems to accumulate in rat brain at higher concentrations than in heart and to dissipate more slowly than do serum or tissue levels (Figs. 3 and 4) . Levels of radioactivity in serum, heart, and liver 90 min after injection of digitoxin-8H into control and aooo-1500-dpm ml SEA 000 500 PERIPHERAL BLOOD F'IFL cholestyramine-treated guinea pigs are shown in Table  VIII . It can be seen that levels of total radioactivity in serum were not significantly lower in treated animals as compared with controls (4437 ±764 vs. 5405 ±1303 dpm/ml; P > 0.3). However, levels of tritium label in heart and liver were lower in cholestyramine-treated animals as compared with controls (4000 +470 vs. 5020 +570 dpm/g and 10770 ±2050 vs. 14140 ±1860 dpm/g respectively, P < 0.05). These studies indicate that cholestyramine pretreatment resulted in significantly lower tissue levels of tritium in both rats and guinea pigs. Serum electrolytes in cholestyramine-treated rats. It has been demonstrated that changes in serum electrolytes, especially change in serum potassium, may influence the cardiac uptake of certain digitalis glycosides (13) . To exclude the possibility that the protective effects of cholestyramine might be due to induction of hyperkalemia, serum electrolyte concentrations were measured in control and cholestyramine-treated rats 2, 4, 6, and 24 hr after treatment (Table IX) . No significant differences in concentrations of sodium, po--tassium, or calcium were noted at any time interval after cholestyramine treatment.
DISCUSSION
The concept that digitalis glycosides undergo an enterohepatic circulation was proposed by Okita, Talso, Curry, Smith, and Geiling in the course of the first A decade later, Katzung and Meyers extended the concept of the enterohepatic circulation of cardiac glycoside (2) . These investigators demonstrated that in the dog, large amounts of radioactivity (approximately 39% of an intravenous dose of digitoxin-3H) are excreted in the bile in an 8 hr period. Furthermore, they demonstrated a marked decrease in the metabolic half-life of digitoxin-3H from 14 to 6 hr in the bile-fistula dog and this was accompanied by a reduced urinary excretion of digitoxin-8H. It was concluded that the data were best explained by the existence of an enterohepatic cycle, and it was postulated that water-soluble metabolites of digitoxin in bile were hydrolyzed to native digitoxin or other nonpolar glycosides, which in turn, are more likely to be reabsorbed than the water-soluble metabolites. In a further test of this postulate, Katzung and Meyers demonstrated that at least two water-soluble metabolites of digitoxin were easily hydrolyzed to a product chromatographically indistinguishable from digitoxin (3). In spite of this evidence, the enterohepatic cycle of digi-toxin has been largely neglected. This is due, in part, to the fact that in humans renal excretion of digitoxin and its metabolites ultimately accounts for 60-80% of the total digitoxin lost from the body (14) .
We elected to carry out the majority of our studies in rats because of the established existence of biliary secretory mechanisms for cardiac glycosides in this species. Previous studies have shown that in the rat a large fraction of a dose of digitoxin is excreted in the bile following intravenous injection (15) . Our (16) . In addition, it has also been shown to bind thyroxine (17) and several drugs (7). Gallo and coworkers (7) showed that 33% of a digoxin solution was weakly bound by cholestyramine when combined in ratios which might be expected if average doses of the two drugs were taken together. Assuming average doses of 4 g for cholestyramine and 0.25 mg for digoxin, the cholestyramine: digoxin ratio on a weight basis would be 16,000: 1. Inspection of (Table III) . This is possibly due to competition between glycosides and bile salts for the available cholestyramine. However, we have no additional data bearing on this point.
In regard to the mechanism of binding of glycosides and other neutral compounds by cholestyramine, the recent studies of Johns and Bates are of interest (18) . In detailed investigations of the interaction between bile salts and cholestyramine, these workers found that the primary electrostatic (anion exchange) mechanism is reinforced by a second component. This secondary mechanism is nonelectrostatic and increases as the hydroxylation of the bile salt molecule decreases. For example, cholestyramine has an equal molar capacity for deoxycholate (dihydroxy bile acid) or lithocholate (monohydroxy bile acid), but more lithocholate is actually bound than deoxycholate. The similarity to the greater affinity of cholestyramine for digitoxin (monohydroxy nucleus) than digoxin (dihydroxy nucleus) is apparent. Although our studies do not permit a direct conclusion as to the mechanism of binding of digitalis by cholestyramine, it is possible that the nonelectrostatic binding described by Johns and Bates is at least one of the factors involved.
That cholestyramine may reduce digitoxin toxicity when given concurrently with an oral dose would not be unexpected and has, in fact, been previously reported (19) . The mechanism of this effect, however, is fundamentally different from that demonstrated in our studies (Table IV) , in that the resin directly interferes with the initial absorption of the dose of glycoside. In that study, cholestyramine did not protect mice from death due to intraperitoneally administered digitoxin, presumably because the two were administered concurrently (19) . It is possible that a large fraction of the intraperitoneal dose of digitoxin already was excreted into the intestine and reabsorbed before the orally administered cholestyramine reached the small intestinal lumen in amounts sufficient to block reabsorption.
There are several lines of evidence indicating that cholestyramine influences the enterohepatic circulation of parenterally administered digitoxin. First, fecal excretion of radioactivity is significantly increased during the first 24 hr after injection of digitoxin-3H in cholestyramine-treated rats compared to controls (Tables V and   VI) . This indicates that a greater fraction of the digitoxin-8H and metabolites excreted in the bile soon after injection is rendered unavailable for reabsorption by cholestyramine. After the 1st day the total body glycoside pool is greater in control rats and consequently greater amounts are excreted in the bile, and ultimately in the feces, on days 2 to 4 (Table V) . Thus cholestyramine appears to accelerate the fecal excretion of digi-toxin. It will also be recalled that in the first 24 hr after injection of digitoxin-3H there was significantly greater fecal excretion of digitoxin-3H and digitoxigenin-3H and less excretion of digitoxin-3H and digoxigenin-8H in cholestyramine-treated rats compared to controls (Table  VI) . This is due in part to the sequestration of digitoxin by cholestyramine within the intestinal lumen which renders the digitoxin unavailable for absorption, metabolic degradation, and enterohepatic circulation. Second, lower tissue levels of radioactivity are found after the injection of 'H-digitoxin into cholestyraminetreated rats and guinea pigs as compared with controls (Tables VII and VIII) . Although no differences in peripheral blood or heart levels of tritium were found in control or cholestyramine-treated rats, significant differences were found in the brain, where concentrations of tritium were considerably higher than in the other tissues examined. In this regard, significantly greater amounts of digitoxigenin were found in the brains of control as compared to cholestyramine-treated rats. This is thought to be especially significant since rats do not die a cardiac death from digitoxin toxicity, but rather experience a characteristic convulsive disorder following lethal doses of digitoxin or digitoxigenin, with the latter being the most potent convulsant agent among digitoxin and its derivatives (20) . Further, decreased levels of digitoxin-3H and metabolites were found in the heart and liver of cholestyramine-treated guinea pigs as compared to controls (Table VIII) . Third, no significant changes in serum electrolytes, known to influence digitalis uptake, were found in the rats treated with cholestyramine (Table IX) . This is in accord with the product literature available which states that no changes in hemogram, glucose, blood urea nitrogen, pH, or electrolytes occurred in rats or dogs fed cholestyramine for 1 yr (21) . The failure to demonstrate hyperkalemia rules out the possibility that cholestyramine caused a potassium-induced alteration in digitalis uptake and binding (13) . Fourth, the only alternative to biliary excretion by which parenterally administered digitoxin might reach the intestinal lumen and appear in the feces would be direct transmucosal excretion. There is no clear-cut evidence that this occurs in intact animals, although it may occur in bile fistula animals in whom the normal mucosal to serosal gradient of digitoxin would be absent (22) .
The data obtained in this study indicate that cholestyramine treatment affords a significant degree of protection against lethal digitoxin intoxication in rats and guinea pigs. It is suggested that cholestyramine binds appreciable amounts of digitoxin in the intestinal lumen, resulting in reduced reabsorption, increased fecal excretion, and lower tissue levels of glycoside in critical organs. The protective effects of cholestyramine thus appear to be mediated by interruption of the enterohepatic circulation of digitoxin.
